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ABSTRACT

An automatic-throttle compensation system has the capability
of removing the problem of aircraft speed instability in the carrier
landing approach. Various systems have been proposed and tested, each
differing in input sensed variables. Two representative systems are in-
vestigated analytically and by the use of digital programmed Nyquist
plots and analog simulations. An attempt is made to determine optimum
gain constants by using various forcing functions in the analog simulation.
Comparisons of the responses of the two systems are made using time’
history analog records. A digital computer stability program, applicable
to any aircraft, is included.
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and encouragement given him by Professor E. J. Andrews of the U. S.
Naval Postgraduate School. QGratitude is also due Ling-Temco-Vought
Incorporated , Specialties Incorporated and Bell Aerosystems for providino
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wishes to thank the Stability and Control Section, Airframe Design
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AN INVESTIGATION OF THE EFFECT OF AUTO-THROTTLE DEVICES
ON AIRCRAFT CONTROL IN THE CARRIER LANDING APPROACH
il g Introduction

The carrier landing approach speed of current swept wing aircraft
is influenced by man;f factors. One of the most important of these factors
is often referred to as speed instability. Speed instability can be ex-
plained with the help of Fig. 1. It will be noted that for Aircraft "A", a
slight deviation in airspeed from the normal approach speed makes very
little difference in thrust required. This curve is typical of the AF-1E
type aircraft. On the other hand, a deviation towards slower speed for
Aircraft "B" causes a large increase in thrust required. This increase,
if uncorrected, causes a loss of altitude. Thus, in effect, the normal
approach of Aircraft "B" is made on the "backside" of the thrust versus
airspeed curve. This curve is typical of the F-8 aircraft. Essentially
this steep backside of the curve is caused by a high value of CDDK ’
drag increase due to angle of attack (or lLift).

Still another factor contributing to airspeed instability is slow
engine response. With a comparatively long time lag in engine response,
any hesitation on the part of the pilot in correcting an incipient airspeed
loss leads to wide variations in altitude or airspeed before effective
thrust can be realized.

With an aircraft that displays speed instability tendencies, either
a faster approach speed or an automatic compensating device is required

to prevent undesired altitude loss due to airspeed deviations. Faster



approach speeds are not desirable for carrier approaches. It will be the
purpose of this paper to investigate some methods of applying automatic
power compensation to counteract airspeed instability. A swept wing
fighter,, patterned after the F-8 airplane is used as the vehicle of the
investigation. Both digital and analog computers are exploited in simu-
lating auto-throttle and anti-drag system response to various inputs.
Real-time, pilot controlled, analog simulated mirror approaches are also
used in qualitatively evaluating each system.
This investigation is the first of a continuing series to be conducted

at the U. S. Naval Postgraduate School to evaluate systems of automatic

airplane control.



/i Discussion

The aircraft-carrier mirror~landing approach is made at a constant
speed and a constant angle of glide slope. This type of approach allows
precision control of the landing, a factor of the utmost importance in
carrier operations. However, the approach is usually made at a minimum
airspeed that is dictated by performance and/or aircraft flying qualities.
Thus, the airspeed must be monitored closely while making flight path
angle adjustments. A simplified equation (given in Ref. 1) shows that

flight path angle, X , is approximated by the formula:

Xg%-l—-r-dvl_ - | ‘ '

Eq. (1) W J—t_. 3

Flight path angle, then, is dependent on lift/drag (L/D) ratio, thrust/
welght ratio, and rate of speed change. In the mirror approach the pilot
can adjust ¥ and airspeed by manipulating the throttle and elevator. The
manner in which each of these controls can be used, however, is depend-
ent upon the L/D ratio. FPor aircraft with a high L/D ratio, the elevator is
used to control 8 . while thrust is used to maintain constant airspeed.
With a L/D ratio in the vicinity of 4 - 5 the rate of speed change is large
during maneuvers. If, in addition, the L/D ratio decreases with increasing
CL in the approach speed range then speed instability is accentuated.

A variation of lift/drag ratio versus lift coefficient for the F-8 air-
plane is shown as Fig. 2. It can be seen that at the approach speeds
used, (1.1 -1.2 VoL Y, L/D decreases rapidly with increase in Cp-

As reported in Ref. 1, pilots stated that in order to change ¥ for an



airplane of this class, increased reliance on thrust rather than elevator
was necessary. In the case of the F-8 airplane, however, height response
to throttle input is slow due to small thrust line angle of attack and
negligible trim changes due to power. The F-8 pilot, therefore, is forced
into using the stick as the primary flight path control. Then, since the
airspeed mode of oscillation (the phugoid) is lightly damphed, the aircraft
will hunt about a new equilibrium airspeed and glide slope angle in res-
ponse to an elevator deflection. These speed changes in the 5 to 10
seconds following elevator input are disturbing to the pilot.

Another way of interpreting airspeed instability is referred to in
Ref. 2. A curve similar to Fig. 1 can be drawn for thrust required versus
dynamic pressure, g. A definition of a stable speed regime can then be

postulated as that portion of the curve where

d— Tye:ﬁuured > o
6

To express this inequality in terms of the lift and drag coefficients,

Ineq. (2)

we use the fundamental equilibrium equations for level flight:

CD' 5%,

Drac] = Tre%-
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Therefore 0‘ Tvei = S d (E:)
oA ¢ ol () o
which result is substituted into Ineq. (2). S °(<¢L )
R
0‘ Cu )
Since S is greater than O, this implies that
O((C_E ) 1l O
Co el (C;.) 7
Taking the differentials of numerator and denominator:

.(_'_'.'.). Co'dCe "CJ:O‘CD J c dC' - Co' el Cu

>0

¢ = > O
S OACL —O‘CL
CL‘
or
Ineq. (3)! Co’_ d’ > 0
Co dCo

Thus, satisfaction of Ineq. (3) implies speed stability.

The CD“ term used above is composed of CD P CAS . Where CAS is

equivalent propulsion system drag. CAS is defined as
a
CAS = =

or for constant altit
Cas = =

]

J

)~
01‘ a
- |

de and slow speeds,

e
®
o]}

o

3
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be proportional to the negative of the thrust change

(e}
o]

CAS is seen t

with respect to the velocity change. Inequality (3) may then be written as

T = Cat CAs  _ odCo SO

Ineq. (4) . ;TEL

A more sophisticated approach, based on the suppression of altitude
disturbances by the pilot's use of the elevator, and originating with the
basic equations of motion, would produce essentially the same inequality,
with a small modification factor included. (See Ref. 2) The resulting

inequality is



Qo
()
o

Cp + Cas
Co

A

& 7 °
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However, the correction term, CD /4 is of relatively small magnitude
a

and may be ignored. From this same analysis the time constant, 7",

of the subsidence of an airspeed error is shown to be proportional to:

Cp + CAS Co
B (5) T:KCL T—%)
Typical values of the parameter I for the F-8 are given below.
At 1.1 Vgi. 1= .22 - .548 = - ,328, showing distinct speed instability.
At 1.2 VSL’ 1=.200- .222=- ,022, a less unstable value.

From an examination of the speed instability parameter, Ineq. (4),
it will be seen that positive stability can be produced if either. _drag in
trimmed conditions (CDO) or C,q is artificially increased.

CDO could be increased, for example, by extending the speed
brakes during an approach. This would accomplish two objectives; one,
increase CDO in the stability formula, and two, cause the engine to
operate in a higher RPM range to produce the added thrust necessary,
thus effectively causing a slight decrease in the inherent engine time
constant,

Remembering the definition for CAS , the drag coefficient corre-
sponding to the thrust/speed variation, it will be seen that an artificial
means of increasing thrust with decreasing airspeed accomplishes the
desired objective. This is exactly what automatic throttle or approach

6



power compensator devices are intended to do. Still another method of
increasing CAS is by the use of an anti-drag technique. This may be
accomplished by having a drag producing device (such as side extending
speed brakes) extended during the approach. Then, by using an airspeed
controller type device to regulate the amount of drag produced (by opening
or closing the speed brakes) in response to thrust (or anti~drag) required,
alrspeed deviations can be closely controlled. This particular method,
within its limitations of having enough anti-drag available, theoretically

has the advantage of a much shorter time lag than an engine response

scheme.



3. Artificial Speed Stability through Automatic-Throttle Techniques

There is a choice of inputs to an automatic-throttle type controller,
including various combinations of derivatives and integrals of airspeed
error, pitch attitude error, angle of attack error, and normal acceleration.
There are also many different philosophies by manufacturers concerning
the ideal combination for best performance under all conditions. Two
representative systems, one utilizing angle of attack and normal acceler-
ation, and the other using airspeed error and pitch angle, were chosen for
investigation.

A) Angle of Attack, Normal Acceleration Inputs

The Specialties, Inc. Automatic Power Compensator, (APC), an
auto-throttle in use in the F-8 and F-4 aircraft, is an example of a control
using these inputs. A block diagram, typical of this type of system is
shown in Fig. 3. In this system, constant angle of attack is maintained
in the landing approach using the two sensed inputs of instantaneous angle
of attack and acceleration normal to the glide slope in g units. The normal
g input supplies anticipation whenever the aircraft is not in a one g flight
condition. A thrust command is calculated in the system computer depend-
ent upon error signals and chosen gain and temperature factors. This
thrust command then becomes an input to the engine which in turn adds
an appropriate thrust to the airframe. This thrust, acting as the forcing
function to the airframe modes of motion, changes the velocity of the
dircraft. Thus the APC computer indirectly controls airframe velocity

through the equations



OT= KAK +Kn Nz = AV= Kr AT
Eq. (6) C. AV = KxAX + Kndng

where the K values are appropriate shaping, filtering and simulation
networks.

Or, looking at it differently, the C__ of Ineq. (4) has now been

AS
given a greater value ( CAS = = i_};

artifically, thus making the speed stability parameter more positive or
stable.

The transfer function equations for this auto-throttle as supplied
by Specialties, Inc., are also shown in Fig. 3, It will be noted that
the throttle servo is Simuiated by a .1 second time constant first order
lag. Angle of attack input is treated by both an integrator and lag net-
work. Normal g input is also integrated.

The results of the analog simulation runs using this type of control
are reported in Section IV of this paper, Experimental Methods and
Results.,

B) Pitch Angle, Airspeed Change Input

Flight path angle, § , is given by the equation
Eq. (7) ¥ = 6 -&

During constant airspeed flight, pitch attitude change (AG') and
flight path angle change (A%) are proportional; but dynamically, A &—
occurs before A . Thus the means of anticipating flight path angle

changes is available through pitch attitude changes recorded by a

%



vertical gyro mounted in the aircraft. This is the theory underlying the
pitch angle, airspeed change type of automatic-throttle controller.
Through the use of a properly designed network, these inputs make it
possible to minimize transient airspeed changes and to eliminate steady
state airspeed changes resulting from variations in flight path.

The governing equation for this controller may be of the form:
q. ©) [ onp - KA K AV
Tse (1-1—754_) A(1+ T5)

Here the K\IZ term is inserted as a steady state error washout term.

The lag term ( | +7§¢) simulates the airspeed sensor and filter. The
filter attenuates the short period wind gust signals entering the system
and acts as a smoothing influence.

This eguation was reduced to a linear open loop transfer function
of the auto-throttle controller. The block diagram for this system, com-
bined with the analytically derived block diagram and transfer functions
of the airframe and engine, are shown in Fig. 4. The stability derivatives
for the F-8 in landing configuration were used for the airframe transfer
functions. The derivation is shown in Appendix I.

The system open loop transfer function was calculated as:

() ()
vis 1 Ue JAT \AT JAF

“ )LD

Eq. (9) =

10



(AT) _ AKe + K
wherei \Ze JAT ~ a1 +1.16) (1 +.14)
u,) _ 624007 (142724 + 18,94 + 23.2543)
ATIAF™ 4l (4 1.674.427.74%+ 2.08 43+ 2.4024°)
(E)(&) - =04 (|+37.94 + 176 42)
Se F o 16.8 (1+5 294 +.011734%)

AT) —  Ke

(—@_ AT (1 +1.164)

This equation was programmed on the digital computer to produce a
series of Nyquist plots, each utilizing different gain constants.

Fig. 5 shows the Nyquist plot for the equation using the same gain
constants as were used in the analog simulation. From this figure the
open loop gain margin is seen to be 19.2.

W
The system closed loop transfer function, _éy—;—e{) was then derived.

This is shown symbolically as follows:

(3 )or (a7
W _ (AWAT( AT JAF

Ve I+(A&AT (51)(@)(‘?)/“' “E)AT ﬂuT'AF

Eq. (10)

A digital program was devised to calculate the values of the poles
of the closed loop transfer function for various values of auto-throttle K's
This procedure would have produced families of Root Loci Plots. How-
ever, because of lack of time and computer malfunctions, this particular
investigation was not completed. Egquation (10) would be used in an
optimizing analysis for gain constants.

In addition the equations of the auto-throttle were set up on the

11



the analog computer. This was incorporated into the complete system
using approximately optimum values of K& , Ku, and Kju All simu-
lation was done in real time. These results are also reported in Sec-
tion IV. Analog mechanization is shown in Appendix I1T., A composite
block diagram showing the relative positions of the two automatic
throttle systems in the airspeed loop is presented as Fig. €.

C) Auto-Throttle Controller Linked to Anti-Thrust Device

Anther possible approach to the airspeed instacility problem is
the use of an auto-throttle controlling an anti-thrust or drag device.
This could be accomplished by flyingthe approach with speed brakes
extended. The output of the auto-throttle would then reduce or in-
crease the drag by closing or opening the speed brakes as required.
Ihus , instead of supplying additional thrust when the airspeed drops,
the speed brakes would be closed a proportionate amount, reducing the
drag and in effect accomplishing the same purpose as an increase in
thrust. Note that the time lag of the hydraulically actuated speed brake
system is much less than that of the engine, thus allowing a faster res-
ponsre. The time constant of the hydraulic system is of the order of .1
second, while that of the F-8 engine is about 1.1% seconds. This
" approach was also investigated on the analog computier by replacing the
engine with a first order time lag of .1 seconds (simulating the hydraulic
system) and using the thrust command output of the auto-throttle com-

puter to control the speed brakes.

12



Obviously the limiting feature to such a system is the amount of
drag the speed brakes are capable of supplying. Of course it goes
without saying that such a device can not be installed on an aircraft
incapable of completing an approach while varying the positioning of
the speed brakes. An airplane in this category is the F-8 which has a
lower fuselage speed brake. Insufficient deck clearance is available
when this brake is extended, thereby prohibiting its use during an

approach.

13



A Experimental Methods and Results

A) Equations and Analysis

The basic 3-degrees of freedom aircraft longitudinal equations of
motion (in British notation) used in the analysis are shown below. The
equations are based on the small perturbation linear theory. Lower case
letters represent perturbation quantities. Upper case, subscripted o,
letters represent initial steady state conditions. Body axes are used
throughout. The assumptions made are as follows:

1. The airplane has a longitudinal plane of symmetry.

2. The direction of the relative wind, in steady ﬂighti, lies in
the plane of symmetry, and in steady state, all angular velocities are
Zero.

3. Initial flight condition is wings level.

4. Products and squares of perturbation velocities are small and
are ignored, and sines of all perturbation angles are approximated by
the angle itself in radians.

5. The longitudinal modes of motion are independent of the
lateral modes.

6. Structural deformations are not considered.

Three degree of freedom non-dimensional equations of motion,
British notation: (See Ref. 3) Figure 7 displays angular definitions and
signs.

X Force Equation:
d _x. (% v wo_ - — T
& = Y -[Xe Yy & Jo =Xt

14



7Z Force Equation:

(5315 [0 gmp]onat

Moment Equation

R e

where symbols are defined as follows:

n m
+ = 6Us - air secs.

d()_ Tl )
e <

t  real time
2z air secs

‘_\)

u = perturbation horizontal velocity, ft./sec.

= perturbation vertical velocity, ft./sec.

= elevator deflection, positive down, radians
change in thrust required , Ibs.

= OQ . angle of aftack, radians

= pitch angle , radians

Ib‘j
w 5 Inertia Coefficient

I S N
1

I‘ﬁ = Moment of inertia, slug - ft

m = mass, slugs

L = tail length, ft.
A = A = relative densit

€50, = relative density

C = mean wing chord, ft

S = reference Wing area, square it.

X= Force parallel to x - axis, lbs.

Z = Force parallel to 2 — axis, lbs.

_M_ = Moment about lateral axis, lbs. - ft.

15



h = distance from thrust line to CG, ft.

X )
d
Xee = 1/2 (%?55 non-dimensional Force Stability derivative
and similar identities obtained hy permuting
P
nvz %, } and u,w independently.

X
= 1/2 D(é. SUQS) non-dimensional stability derivative and

X
& ¥ :
———=—— similar identities obtained by permuting x,
JEE O
X; = 1/2 3@%13) non-dimensional stability derivative and
&= ——— similar identify obtained by permuting x
3T and 3 ,mand T
2sc)
il = 1 /ZC PUSc/ non-dimensional moment stability derivative
r ‘)( ) and similar identities obtained by permuting
B uand wr
= = 1/2 é(-ZASU’S) non-dimensional stability derivative and
y & similar identities obtained by permuting x,
and 3,
. s.)
. = 1/2C B U5° non-dimensional stability derivative
3 wZQ
my; = X . h non-dimensional stability derivativejh =
Tﬂt distance from thrust line to C.G. position

The necessary stability derivatives were evaluated by making use
of a longitudinal dynamic stability Fortran program, designated LONGSTAB.
The program was compiled while undertaking the course in dynamic air=-
craft stability given at the‘P.ostgraduate School. This program computed
the necessary British stability derivatives and then used these derivatives
in the aerodynamic equations of motion. The resulting stability quartic
was then solved, by the program, for the phugoid and short period

complex roots. Finally, the periods and times to damp to 1/2 amplitude

16



were computed for both modes. Necessary aircraft parameters used by
the program were taken from F-8 data supplied by Ling=Temco-Vought, Inc.
or calculated. The program-computed stability-derivatives used in the
investigation are shown in Table I, as are the other aircraft parameters.
All program-computed derivatives, after necessary conversions were
found to be in close agreement with those listed in Ref. 61o The computer
program is explained in Appendix II. A sample printout is shown in
Table II.

From the program printout, the phugoid period is 33.5 seconds and
that of the short period mode is 6.06 seconds. Times to damp to 1/2
amplitude are 29.9 and 1.73 seconds respectively. Undamped natural
frequency, o, phugoid-” is calculated as .189 radians/sec., § as .123.
Short period (b is calculated as 1.19 rad./sec., § as .360.

Ref. 6 lists a phugoid & of 0.188 rad . /sec., and a Yof .12,
Short period results found were listed as Q_}n =1.19rad./sec., ¥ =
0.35. The results given by LONGSTAB and those given by Ref. € are in
excellent agreement.

Thus, as previously remarked, it is seen that the phugoid is very
lightly damped.

lRefo 6 reports on the results of an investigation conducted along
similar lines as the subject of this paper. The two investigations were
performed concurrently and independently of each other. After com-

pletion, the results of the author’s analysis were verified insofar as
possible with those given in Ref. €.

17



These non-dimensional equations of motion were dimensionalized
for the analog simuiation. The engine time lag and auto-throttie blocks
were next added. Real time stick and throttle simulators were then in-
troduced into the system, together with the F-8 linearized longitudinal
control system dynamics supplied by Ling-Temco-Vought. All analog
runs were conducted in real time. The analog computers used were
Donner 3100 and 3400 machines. An eight channel Brush recorder was
used to record the time histories.

The following types of computer runs were then conducted:

(@) Transient analysis runs using step inputs of elevator deflection,
horizontal velocity gusts, and pitch attitude; first with basic airframe
alone and then with the two hasic types of autc-ihrottle controllers in-
corporated. Finally sample runs were made with the speed brake device
replacing the engine.

(b) Optimizing runs using triangular inputs of elevator deflection,
to determine the optimum gain for this type of forcing function.

(c) Sinusoidal gust inputs.

(d) Real time pilot controiled runs using a simulated glide slope,
with and without the aid of the auto-throttle. Horizontal turbulence was
also added to determine the contioller etfectiveness.

Analog mechanization diagrams are shown in Appendix III. Poten-
tiometer settings are shown in Table 1 to Appendix III. Time histories for

these runs are displayed in Figs. 10 to 35.



B) Evaluations of Experimental Analog Runs
The systems referred to are as follows:

System 1, Inputs of angle of attack, and normal acceleration
in g units.

System Equation: AT =_! [ Ka X _ Kav AV Kg AO(]
[r.04] |+ 54 | +.4.

System l-a gain constants;

Kee = 1970 lbs./degree
Ka = 280 1lbs./knot
Ky, = 183 Ibs./degree - sec.

System 1-b gain constants;
Ky = 3420 lbs./degree
Ky, 72 1bs./knot
Kx 190 lbs./degree - sec.

System 2, Inputs of pitch angle, airspeed error

) mrte” 'K Krw
System Equation: AT = Ke AG- = IA«[ “ﬂ"‘_%___]

Gain constants;

Ke¢ = 318 lbs./degree

Ke 360 lbs. /knot

Kfe 22.3 lbs./knot - sec.

I

1) Step input of 1.32° up elevator deflection

Fig. 10 is the analog time history response to a 1 mas step of up
elevator deflection, using the System 1-a auto-throttle. Airspeed dis-
plays a slight oscillatory tendency, reaching an equilibrium speed of
+.6% of Vo (.8 kts. above Vo) . Thrust is applied smoothly in response
to demand.

Fig. 11 shows the response of System 1-b». This system had the
gain factors optimized for a step input of horizontal gust velocity. Note

the high airspeed overshoot due to step elevator input.
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Fig. 12 is the same situztion Lsiry 3ys*emn 7. Alrspeed is much
more highly damped as compared to F Eaquillkrivm airspeed is

-1% of V (1.39 kts. below V ). Tirust is alzo applied smoothly.

2) 5 knots of horizontal gust irg

Fig. 13 displays the record of svste i respense to this
input. The system is oscillatory with sr approximate damping ratio of
S = .15,6‘.)n = .677 rad/sec. The eloelts cvershoot is £1% of
initial error. These values of 23 .1 co e wrg wess than optimum for

this type of input disturbance.

Fig. 14 displays the respornse o° 5, sle - which has been
optimized to this input disturbance. . ulvslent £ 18 now .58, an is

.73 rad/sec. Thrust response is zomewtat oscillatory, Final value of
airspeed is +.2% of VO .

Fig. 15 is the record of Svsten: | oW iamped response

)

with final airspeed of about ~2.".% " £t chandes are less than
that required by System 1.

3) 4° step input of pitch ~v iz

Fig. 16 shows the respornse o & o this input. Initial
velocity transient is +.8% V or | .. , 3 eads state error is +.4% Vo"
Q
Thrust application is slightly oscl 0 o

Fig. 17 shows System 1-i response. Initial velocity transient is
b4

.6% V . Steady state error is alsc (% ¥,

o >4

Fig. 18 displays the respo=se of Svs*ernt . initizl velocity transient

amounts to +1.6% Vo. Airspeed danmps ‘o +.4% Vs ste «dy siate error in 13



seconds, reaching less than 1% error in & seconds.

Fig. 19 shows the response of the bhasic alrirame to this same
input disturbance, without the aid of the auto-throtile. Airspeed
oscillation is +1% VO, with a steady state value of about .5% VO.,

4) Optimizing runs using triangular elevator input

Fig. 20 shows System l-a under the influence ol 4 .02 ¢ps
triangular elevator deflection {maximum amplitude 1. ’»:'O; forcing
function. Airspeed error is kept within a rance of +2% to =1% of 'JO,
Thrust varies within the range of +1800 to -2400 Ibs. about the frim
setting. Thrust application follows elevator movement closely.

Fig. 21 shows the reaction of System I-b. Note how airspeed
fluctuates + 4% Vo (+ 5.56 kts.). Thrust has very noticeable oscillatory
tendencies and gyrates within rather wide limits.

Fig. 22 shows System 2 under the inflience of this same forcing
function. Airspeed is seen to vary + 1.7 kts. or + 1.2% of V. Thrust
varies approximately 2400 lbs. about trim thrust. Application of thrust,
however, 1s smoother and displays less huntins characteristics than
shown by System 1-a.

Figs. 23, 24 and 25 show the resporise of these same systems to
a triangular elevator forcing function of the same maznitude as previously,
but of .06 cps frequency.

Fig. 26 shows the reaction of the alrplane to this same forciny
function without the benefit of the autc-throttie. Note zirspeed deviation

is less than that obtained with System l-b engaged.



5) Human pilot controlled flight on simulated glide slope

For this series of runs a piiot flew the simulated airplane on the
glide slope, using the auto-throttle. Glide slope reference was obtalned
from a zero centered panel meter. The zero voltage level was considered
the correct glide slope. This is shown on Channel | of Flgs. 27, 28 and
29. The pilot was then told to manipulate the stick to fly the aircraft to
a new 40 higher glide slope. This comresponded 1o @ + 14 volt reading on
channel 1, or 14 volts on his reterence meter. This simulated a low
"meatball" on a mirror approach and the flignt path correction necessary.
This new flight path angle was held momentarily. The pilot was then told
to fly the airplane down to a - 4° gllde slope, after which he was to
return to the normal flight path (3 volts).

The response of the aircrait, and speed contrel is shown in Flas,
27, 28 and 29 for Systems l-a, L-b and 2 respectively,

It will be noted that Systems l-a andé 2 maintain airspeed close to
within 1% of Vo' whereas System 1-b has much areater airspeed {luctua-
tions. Thrust application is again much more oscllilatory in System 1-b.

6) Human pilot controlled fli it on aglide slope with sinusoidal
input of 5 knots horizonial velocity gust

Figs. 30 and 31 are records of Systen 1 runs wiilizing a pilot
controlled stick with a forcing {function sinusoidal input of ¥ knots of
horizontal velocity, frequency .05 crs. The pilot was again attempling
to fly the glide slope 40 up and down.,

Fig. 32 is the record of the response to this same forcing function
under the influence of the pilot and ‘he Systewn 2 auto-throtile.

22



Fig. 33 displays the record of the pilot attempting to maintain
original glide slope while the aircratt was being iniluenced by a sinu-
soidal u turbulence forcing function, without the beneiit of the auto-
throttle.

7) Speed brake anti-thrust system

Fig. 34 shows the history of the speea brake anti-thrust system
in response to a 5 knot horizontal velocity step input. Mechanically,
the System 2 auto-throttle was used to supply a turust command, but
this thrust command was used to drive & | second time constant anti-
drag device, simulating the movement of ttie speed frvakes. It will he
noted that in comparison with Fig. 15, (standard System 2 setup) response
and damping is faster. It required Y seconds for the transient to steady
within 1% of VO in the case of Fig. 34, while it required 11 seconds for
System 2.

Fig. 35 shows the response of the anti=thrist system to the same
forcing function, but utilizing different gain {actors. Response is more
oscillatory.

C) Summary of Analog Results

From the foregoing evaluations it can be seen that the response of
the different systems investigated is deperdent upon the sensed variakles
and the applied forcing functions. Svstem a, optimized to an elevator
deflection input, is marginal to unsatisi u;":or v in perioruiance when
subjected to a horizontal gust input. On the other hand, system 1-b,

using the same sensed variables, bhut witr ins optimized to horizontal



velocity input, does not perform well witen subjected to elevator
deflection inputs. System 2, utiilzing difterent sensed inputs, also
displays varying reactions to each oi the forcing functions.

In general, it can be seen that System 2 has the capability of &
smoother application of thrust in response 10 an airspeed error. System 1
has the capability of a more highly damped response, but causes a more
erratic application of thrust. Further investioztion as to the optimum
values of gain constants is required to accomplish the desired task mmore
efficiently.

It is further recommended that additional sensed variables or
integrals of such terms be added to the analog set-up to help opltimize
system response. A fruitful area micht Le to incorporate a normal g
input to System 2 to help the dampinu characteristics. It is anticipared
that further investigations along this line will he conducted at the U. S
Naval Postgraduate School. These invesiigations will attempt to utilize
the simplified equations obtained by the elimination of the short period

mode, to develop a more tractable analysic,



. Conclusions

The two major approach powsr compensator syvastems lnvestigated
appear to have the capability of performing the desired task. The major
difference are degree of anticipation and erraticism of thrust application.
With proper choice of gains and input variables, il seems [easible that a
composite system can be designed to provide the advantages of both
individual systems.

The speed brake or anti-thrust system has the capabkility of pro-
viding faster response, but is limited by drav area avalilable and the
physical feasibility of approaching with speed brakes extended.

The preceding investigation has firmly convinced the author that
an auto-throttle mechanism is an Important contribution to carrier aviation
safety. An aircraft that is difficult tc {1y in the approach because of
inherent speed instability problems, can have its whole character changed
by an auto-throttle. By removwing the undesirec instabllity an auto-throttle
relieves the pilot of concentrating on zirspeed control, thus allowing more
precision in glide slope and line-up control, This ad antage by {iself,
should tend to reduce the frequerncy of ramp accioents,

In addition, when an automatic landing system is congidered, the
pilot-controlled airspeed loop must be replaced by an auntomatic system
to provide consistency and predictability of response.

Still another advantage of the autcmatic airspeed control system is
the reduction of minimum approach speed helow *hat recommended by the

pilots when airspeed is controlled by manuai throttle manipulation. In



addition the automatic device can he desizres ‘o provide the anticipmtior
and instant response that can only he chiainen from micn sctual vilot

experience. Thus it is seen that the auto-ttrorile car act as “he great

equalizer in carrier approach traininy,



TABLE I

Computed F8 Stability Derivatives and Associatea Aircrafr Parameters
British Non-Dimensional Notation

£ =

= =
€0

= AT

.16996

~1.5915
-.5878
~.0640
.006052
-.15896
-.1422
-.5119
54,466
.7081
3.2772
.90
.263
.195
375 ft?

-.380

4772



Cg position = 24%
Weight = 22,000 lbs

Vo =139 kts = 234 ft/sec

M'Q_= -.349
B - .2046x10 4
6

My -.635X10



INPUT PARAMETERS
TAIL AREA= 93,.hCOC WING ARc A= 275,C000 CL _ALEA TAlL= 2.253CCC ETA TAlL= 1.00000C ECCY AREA= E€.00
BODY LENGTH=52,80C00 ip= .0€22780 GEE=22,17000 thGHf= 22C00.CCCC LES D_EPSILCN/U ALFA= .h??ZOO
INITIAL PITCH ANGLE= £.10C000 GEGREES THRUST L[NE HISTANCE= ~.437C0 FEEY TERYST CCELF CI= .195CCC
CMALF A= -,28000C 1 siue = SECCO.CCO SLUG ET SCUARED

STADILITY OERIVATIVES

FORWARD VELOCITY= 234.00C T CARAT= 3.2717273 Q= 65. 1049
C SuBlL= +90000L C SURD= «2€6300C
XUz =.2630 XW= .1£6996 XQ= .C000 XTHETA= =,U45000 ZL= -,9C000 Zh¥ «1,5915 TOTAL ZQ= =-.S5B78

2THETAa -.0640 MU= .C06052 MW= ~.15B96 MBAR W DETa .+, tu22 MG= -,5119 MUCNE= SH.4E6 I SUB BETA= .7CE1

A= 1.00000 B= 2.776C4  C= 14,08677 C= 3.C2c29 €= S.CBU4SH

Df ROUTES UESCRIMINANT = 69,417
AFT IS5 STABLE

1 A

RUN 3 €C.G. 2k, V=139 K15,234 FPS 3/3/63 LEVEL FLITE
THE COEFFICIENTS CF THE GIVEN PCLYNCMIAL ARE

REAL PART
. 0000000 2.776CU50 14 ,0467662 3.020290¢8 5.0845393
IMAGINARY PART
+ 0000000 .000C00C +CCCCO00 -0ccccee .ccececee
. TABLE OF ROCTS
ROOT REAL PARTY IMAC PART PERICC TIFE TC CAMP TO RALF AMPL
NUMBER CfF RCO7 OF RCCT
1 -.£759310 - 6llbluYy 22,8128 SECS 29.5173 SECS
2 -.C75930 61hLLY 22,212 SECS 29.9173 SECS
3 -1.312092 -3.397553 6.C6C7 SECS 1.7313 SECS
4 -1.3120%2 3.397553 6.C6CT SECS 1.7313 SECS

Table I

Samp'e, PrmTouT) Fr.}vtyan 5TabbliTj Pkogram)
LONGSTAB

o)
(@
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Where :
AT = Thrust Command
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Ko = Reference Angle
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= Vo -4 <
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Kx

T5 = Servo and actverer
’S")_ Ansle of aHacK

Y3

SPQQJ Ckénge 3‘1'

o2

I.d'ejral o‘F&naiQ :

Auto g
o +®_4« Throttle - AT —
e .




-
-

’ @]
B,OCK Diagram) i"jist_ re
With Tramsﬂ,

Ut +®’q€. ﬁ:) br A L s
+

_A.U'fo~TBroH[g - .

o,
qj"'i

~l

Au'l'o Tkko'H—)e amd {:m he

AT’ )(B'e-"" (‘»_ \-!
”75 (1% oo =4

Te

Tz * Airspeed Serscs
(og Piteh Ahgie Ly
Uref = Reference  Aivcpe

We ° Alrs‘/:eed Ees o

3

En Ine Tlhﬂ(-?.. Corcl
3

Kw AirsPﬁed (Gain
K]u = Inh’gkél of Aurs 3
k& 3 P'*C"\ A\nﬂ‘e Lol

X
___3 = Avto Throttle Teanc? ; N
Ug AT g .
(%IA; Auto Thieottle frenct P
), o= Aufiame T "
B lairliame Y keme. i i l




F;S. i (eortied)

@g_) - KoiDila)
W /arfreme kKo Na (4

(Q_. ‘ = Kny N (2)
“e)""f""“"’ Kot Dr (4)

Vs

(O

Kn.v’ Gain Constant = . £24
Nz [112724+ 189 4 - 23,254
Kor = Charadtertstic Eguation Gain Conclurr = 424
Dile)= Sfekil;‘fj Characterishe 9oy ePie

=) 416744 27744 - 2084t < 290744]
Kuz = Gain Constap® = A
Ny=[ | +5.294 + . 01173 5"
Kny = Gain Constont = ALY
NyCa)= [ 143794+ 1744"

LR

-y



! !
i) it i ;
AT 00 0 -
0 !
L |
ht : |

s
Y WIS _ | :
- BELL NYQUIST| Kif369~ + KIL~22 KT4183098UTQ THROTTLE

|

KIS

LA |
1

il

SCALE |- . R.00E-41 | | || |
SCQLE i Q,Qﬁﬁ I._. ¢ ] | | |

g, 5

1014

Ng(%uisr Du\agram of SgsTem é AuTb“T[woﬁl&

Open Loop Transfer Funchion
35



QN

| Stick
DJdn.kx
e Avrtiune = r
- Ecwtionr 1 ¢ : 14
' € Mot | =T T
Enau;\b T 2 oo 6 o

—
— - B
- — wr ws e

System 1
Adto Thet!

"
k
{
{
(Rt |
L

575"9"“2 | [y |
Sy m ATee e T T 0

Eig. 6
Combomfe B‘ock Dleqrc!hf\ @'F Compleri

Au'/bma'hc, TArofH& Aw'ﬁrema Sqstem




Anﬂu'ak Deﬁniﬁohs

and

Jigns
v




Ana'oﬁ CowPu‘.}'ev ) Ay

Y






R e e e
greqinnaaER R RENERSRR R A EREEES:
e i I I O O B A I 10
o ES=S=aas sEEE8

~=1goo EERE . i I
NN 1 LD

ST AV 1T l] 17171 T T T T g 1T

=1 [ N + i 11

= = 1T T T ]

{
|
|
f
|
[
f
]
i
I
I
=
|
i
i

1
|

Y

Lis 7 =

w -
7] T
1) i

o] 5/ 1110 15 20 25 ,
T +Timel+ Seconds 1 [H{ [ 11| ||
T T e R A

_+ ]

F"j' |10

Time Hisfomj, 1.3° Up Elevator Deflec<tion Inpuf)
Sjsfem 1-a

£0



les ;

Time = Seconds

F(ﬂ. X
Time HisTorSJ I,3°UP Elevator Deﬂecf{on Ihpu_’“)
5357Lem 1-b

l! 1

40



l%:.{
=
[
|
!
]
|
! |
T
|
T
I
|
i
|
|
1
1
‘I
|
| {
1

=
{
i
li
I
i
|
i
1
|
| &
I
|

o
e e}
T.a

B ] | =
N e ____ﬂ_d,
127/ | | D 1 Y A i
G‘;‘l’ AN EET T . 5
T~ L

o S S

/
L

1 L I Ll _ L
COPYRIGH, 1941 HRRUSH INSTRUMIINTS

— ﬁ_ﬂ»
L L[ _ B B S |
o 1 g
i & - — B 11 R A
1Y
_r e 1
L P I T - I B S | Ly

izt — R
v —i—an T L i i N S B T ‘Hu\——
T Rl emEEs mE
_im ¥ B I B B
b SN i - L JE e EAEet e
A A | W |

4 - 3 ey " *"LL,{Q f;,'.;f; .,W,_,,,,L_"j;'r 1

e B Y #__ - ---Tx‘;.lm - *5;:
S AT T T
F'ﬂ

Time Hisforﬂ) [3° U Flevator Deflection InpuT)

SSsTem 2 e O bsn

4z




Se

e 1 e i Ba

41 B s e e
S N B - - B -_{-._‘
—1— = 2 t
i 1 e R o AR A =
i Al L. g il L | -
R mEn. l | I
3 1 4 =
IS . - i _
-} — -»|‘>‘ —L = NN -
I | ; 1 L |

23

[

L]
=

&
R

{u
|
|

_4-;‘

s

? r

] -

Tl"mc. Hlisror]JS‘ KnoTS HOVonnfal Gusf In,ou'f,
Sﬁsfem 1-a
43



2181 2%%

0 5 o 15 780 k25 30

Time - Seconds

Fig. 14
Time HiSTerS 9 KnoTs Horizonfil Gust I“PUT,
System 1-1

44




N 30
-

254

E3

15

45

Time.  — [Seconds

|

Sg Sf&m 2.

Vo

IMIINTS

o

o

i
]

L 27

1

5_
TI:MQ_ HES-"orJ) 5 Knofs Horl.zontll GUSJF IhPuf—)

L]

9wt IN




=730

T i 7 | | 7 Ty | | T
L u - : . __ I AL “ _ it L
Ll | L ! sl L I Jud 100} ! ,.15_., 1 b | Q
_ A | ! _ " {4 G i ] Ll [ i ] _ DA
4 w : _ T T _ ...l,,lri t TN W =mtir _ i =1 gl o ﬂ T - ,
DN RERE | A B T TR T 1 i m - ; :
AL I R Lo BLIE R ! e . e - - : ]
——t— 1 - e } : H - T RIS — — % i
I | | I " S
_; m_m“ _ i = At T it e S W ! i
R I | 1 A O B KA B e &
—k Lty | Lo — , it i S ;
4! i {_ ! “ = _7 B w { 414 H VI S5T1 Ty ﬂir Lt | |
T W i “ T i Fare e e AL LT Li T AR =l | “
i { _ . S I ..._..!1th,| M| | et 1 1 nl tl b 0 I
= B B4 I o L TR
=== = T R e | { Al e [ : ] | |
S| S P . | S Y — Uil sy Y I | )
. - - ﬁ “ H@HH,: _ L .ﬁHHtl - - i
! | | | Ul 4o 0 ] 4 O R i s
I : i Bt - o1 5180 9 _ 4[ - n
L ” ﬁ KR 4 T LN ¥
EERBEE | - 11 H et |l m
—f—T w s m i el % Py
EENENN 7 e [ -
1 1 ! { i
T 7 . SO o ] L 1
! ] 4R, Q18
| 3 ! ) | i o o
| | B e LRI 70 R s
+ B | ” + i if] .
i Gy e P T o | :
- 3= - - . = Lol |.|0 {
_ I L i 1 T I L
| T 0 | ay
j TRl Pl i J Py
48 . : =
P ] , ,
= : -
e | ! .
| i A il x-S
"t - = - —— -
| i i =
m =1 ”. =T Tk
| | 1 | r
i - . en
I E , il |
{ ! ) ; il i
L] he Lo L I il
| [T { Sl [ i §
| I ha i 1
g
[ " :

8174

27

L

LIy

e
Ay

5 7
¥ e

42

it -

e
~¢ 690

LS

4

Time, His’l’orj ; 40 SerP Inf)uf Pich Anjie) 9’)
Sjsfem 1-3



g

J
. | |
B i e e e e
i
— -

1 PR e
— =1t ~
|
f = _ T
e L 3
——— — %
4= 1 4
| l 1y

e e
——

T
l
l_ I i
| .'D i_v—
il

0 | P e

IR EERNEEES

1

i
T

=1l
==E
e

B

|
e e e S St

!

]
A

}

P SHEN GOV W U S B S

|

sl
|

1
|

e e R

i & s

= S,

it
N T W SN o rCeieenal

~!

HE | 1 AN S R N

i | i 0 O (IS O IO O B BN S B ] . €

P A I A e e A e e fe e

= = JC 1 ,]H Hl.ul ,l_l,lhl dulul|4||._ I O [ O L _ _.‘I - ” 4 I - o

4 Je At T P I N [ A.LIT ! I L JIE LB L | et el S ] = Ul e L. hA.\J I

S \[MIA | "..\lr 1 | ! | _ I | . 4| L \_L i | H L 3 A‘,.
¥ T T [ T T T i W I T T T 7 1 T i -Jl, —+
S T e U o . Emmm R
e AR RN BN R NSRRI ERNEEARRNE LZ I NS e e
= “e s e = —— F——1—t . - L— ] 1 — 4 et S + - e - L=
iLIsE T%TI; ) B mc AU AEER AR :r;, A HT ]
— . i ~ .l..l.x.. e L Alf\A-‘ 14 L [L. I HI S [ |_ e . S JL =8| ﬁl.P | .l._ (S
PR B M [ W e A (| AR A MER A RMN A A umA MR ARG MR RmE A I ARREE

it - Ii — R e T w = 1t T W __ dl= b
S m = e =5 —f—+ Jf +||"| - 41 T M '_. == " _ W ||d.. Tl e
ks e e R EE D N i T s o 21 e WA
e AL SR B0 ISl . ' 3 i 2 ]

RS 1 | | : | 1 B
} AN _ e 20 T e
|+1 * SO IR N S ‘ Q. £ , _

g S B RS [ ﬁ L
e S S

¢ AL . , - : —u . ” .

=3 % w% - w b, |mr lnmAAV4 rJ 2 TTPJ‘Iﬁ.Tr % [+ _‘ﬁ.. ! ) =

A s doie L ] P L4 JLs ;!x‘l" m.. t=rd =) e = 4 =

o eSS - TRy ARN
i - 9:...- APy 7_ + l_nlc: —t—— .ITJLJ? ) - |ﬁ._1. b3 w frliuH
] i_ A i _l St uT A v T 4 'k [l H!\
) N T = p _ g ; 5| _ ! J :

‘?-o STCP IhPu-l— Pl‘fC‘w Al’\s'eJ 6)
Sss'l'em 1"6

Time His'rorg ,

4



o
X
n
+

-l
(%, I
-y
£
r

0 51 e 5 20 25 30
Time - Seconds

Fl‘ﬁ. RS

Time Hisforj) 4° jfe,{) InPuT Pitch A"3’€> o,
System &




l :

e
&
L
mo
S
S
.
i
3

=
e
(0]
|
U R .
;._71[_- (e
__4»._1,\, I
{
|
z
!

T *4, ——i j Lt L ) I I N S [ I g
u’slr S b 1 ] S0 [ G — B S A S S I

o IS
o N

e T TSI 5 [ 20] [] 25| B3° 35T 1T T a0 11 ]

i 5 ] k%rﬂ%ﬁ -L ‘SQCOnd}S | 18 ST rEe e

R ERREEEC RN AN RN REREESAEE
Tim e His?Lorj, 4° Step Lnput Pifch Angle | O
Basic  Awframe
49




S
e-7J Eu.“.m_wm
ﬁ..ﬂ..n_:H Woll33 J2( AepeAd|] o Lmﬁbw:m.:._. sd> 20" am..o.*.m.‘l Sl

— s 2 = HDMT& S

e —— =

- e e I.r...m_u.w.fnu_ﬂw.mr.!l..r”_ IU!EﬁllllrlrhlL.rl.L || Ee ....». - 2 | H

£9 o &5 e iy S L5 s R R e =

SEANIICIMALSAL 1S 1L H

—ner e et e s T R
AR Bt S SRR T = e —— 2L
Lol e e e e = s = - S e
— - . .-rr..rI“J,.l.I s i s = : —————ie - P

50



.15

0 o

TR

=145 |——

B o) -
\Mﬁ‘”. 0
| S 10 5 20 25 30 35 to 45

Tune ~ Seconds _

‘Fl'g. 2]
Time Hfsforj) .02 Cps. Traanﬂulay 1.32° Elevatlor Deflection Inpu"’,
Sgs',”e.m 1-56.




VIS N INCSS

2%V

12280 %

i | 1N 1

25

£

e

o

+218+

e
L

rviangu!ak [ 3

Dewclec'hon Inpur) Sﬁs'fcm 2

or

1

Time Fﬂsfor%) 02 cps.
Eleva

5¢



g i | SN 1 ] ] YIS LT T T T
TS S S NN - .Vip._r\_, T
Fiin —— i ! RELGNEARENS AN
T Bl g _ AR ANS
1 ] A _“@\g =0 /_.w_.ﬁTH |
= o Gl | i | | _,_ | I O T | I e
£ = 4 S L | L — | | /..v. “ _ r.lllrimu 7 i1 ; ” " | _ I 1H’T|. a i
¢ i —7 L /w CREL 7 = ;ym _ /m/J et
& B 14 | | I | i - | I { I |
i _ \* . S P N
T \\ _m _L_P
Vil b |

1
EERE
=
iry =y

YRIGHT 1981
I~

1
I

30

' 1
|
I
Bes
[

__ T
+:~_‘._
L]
\t\

A

75T

vl ] , »
L 1 RN L] N I ERENI
_ S I W EEEN
,ﬂ ___/j:_ \ E
= L L ,,-_J” | / N RN )
llllll | /_,_ “

ﬁjldSI

)

g

S i nan s a0 AunN

2
Dec

I
|
I

!
I

i
T
|

|

_L I
B

]
-

me i+

1

1

1y 5?' .

=N ¥ N R L _\ i i i }
= 1 ,

Deflection Inpuf) S(js"}'em 1-a

Time Hisforj , -06 cps Tnan3ulay 1.32° Elevalor

L A
A

L%

oo} -
: _[5-.‘

By

15

flyc

| .
! L ! ! | u\ o~
1 N 1o i
= nd 77. f._u_l-
SN AR =L LT SE RN I
° o Q (]




) ki 10 15 20 25 70
5 [§
T(iu‘:. ~  doconds

: Vi
e
rh\ﬁ J_{ I(‘f’([ ) 3 045 C‘L)S . .r‘/“"“'-' u![\- ] ,/' \. N0
i} B r L i ! |

i WS S (o R I T \

o
<o

s



il | M JAd (S O 01 IR Nl T S |
\ {1 i o] ) ) (i [ i
g.. { _|Lﬂ L _L i il.._ i _ I _
_ 7 B NEE RSN
BSTY ) _ \- e I O U 55
p i i) h.w | _ _lmw _ EEY L.
po= | I\ Ju L | o L fi?
_ [ . | R DEE e g e,
_ { by i 1 _ = i T =t .Y.. . = 35 VS
e " [ A Y 0
I I A [ (00 s A 1 11 N SN A T
e T e i L I A 7l 5 v
S ._ _ / (I | _ ./. F | (]
s —H et = Ay
o 1 0 .5 LA 12
T L [ A T 1 T Tl | A\
4. B "

55

Sysfem C

IhPUj— ;

Time Hl..sf’orj\ .06 cps. Trianﬂula,k [.32° Flevalor Deﬂecﬁénl

!
| -
—II-_
F0l
4
_...f“l I_;.‘..
‘kl“"
CLEvif anD ©




] _%
=
T

! B
i)
1

e

25
econds

Eb [

i, |

BEERRR

| Time = S

&

SARERRENRE

Fig.26

Arframe

Basic

]}m.( H{S"f'or\ul, .06 cps. Trianjuhk [,320 E/e\/dfor Def/ecflon

| ~
| ~—~
3 " , -
| | S
| _ _ V 2
S e N —
S| ! | * 7
e - /
A oF ’.A I | Vil |
1 | N ) _ { } _ a\ \M _ ] ,
n_ % J _ 1 ’ FR _C—J } \(..
~ O O QO X @ n 1% S NS
— F 2% S sm 253 2 9= B
3 = Q ° o i
~ = T - Wr blllll ||||t




™ T e a
] “ T i ] Q7+ iz
| | T EEu Nl
~ i i L B it
] aEw T T s B
B e SR — ——————— R Iu\nlll...sl..l.llllr\r.."[.kﬁ’ -
s @N.r g NN WS AR ] b T e
e —+ } _.Tl 1L LM|1 -+ =
i A (0l o S SHSTI S L. S — 4
s M I it Zd o .
I . T Ea T, L ML il L 4 ki
1 | L T L o, SRR B } w
ﬂ ! B ‘
_ CRLENE ] i
- /n L {1 T (S 1&0. +
+ _— - — — + == —t -+ ¢
MEREELE HNEY RS A ¥
A S ; L 4 .
INENEE WRFdBEN /( i R Y W
s T _a _
. l I|‘w MRS _ BT - I- .
Ll I | e DU I I |
e e e e e i et = w.ﬂx +— A.u —— =G .+’+)0H7.‘IL 1 wAf—7
AL NEEEE. Ly T REn & o =
il | S 1 | | I L ]
.{NLI.I.I —_ 4 i A e e e — ettt i b\ K
T T T T T N = NETIE T ]
+ - BRI IA ISiNREaED T e v,
- { S SR Bl T 4 S i ”,v T 1
§ini T Tt T+ T T T T B ——T T .,er
414 i I CEE e Pl | ' ,mok_
- ILIIT.. e - - —— - e g . F.Iu -4
+ t I 7 ! S 1 VS 0 5 A1 r+rJ.TI.
— IL, =t r T - + b o - ! B |
[ i
1 T 1 .f TieAELENAEREE N O E Hh Q,H-
4 O (SR i e s o S S o K i ....LT\I..TTA.LJ. L +4 A.ﬁn..u_
_Lrﬂ. - —— 4 - e - - LL;W - - EE . S~ {
i { | S - R . 1 bt rl_!+\ “,_ i Vmi !
e T T T A e T
T i,.l f_r.ﬁk b L , xTI...\ et S e
.rkfl.rlA_iT Lot H —t T e — i = . t —
bt + __1,|++#+1+|T‘:, LT IR TP EIINT T T TN LT Tl
__Q BRI RO SaAREIEE ih_,_ﬂw ,_,.,/vm, ,_/_,, —
T T e e T e ] e e
T e T e P T 7ii NI EEREN
i A T T T T T T + H T . T
T —— INE I ] i1 L —+
N S | | N 4 IR ? n VT 4L ] ;
i ! | ! AT | ; REEEER PSRN
EIVEIIRAEEENEE HNOE ANERAN | VI (= TTT
\mle; N \ LN N HEERENIR RN I
1y | 1y BOEEAE | i ! IV
; A I ! i 1 g1 | !
| 1) B ! A ] R { z \ \ [P
L R s B ] i ot g \ anpy
o ! T T O O 2 ! I [ } 1 B AN f
INENERETNN NN N ] : o HE . | ; ! L
IEEREEE I RENRM ! a0 IR | B !
e TR H t . T t it i T m = + 4 H T _J _J
Nikbe R LTI T og I Tgeyt: ; 9. ! NG AR RE AN A b I
T TR PR TR Bt e i P R P e "
BERLARERE B N I8 RN RIS K R R 8 R DR B R S0 i O R N BN T
>} vﬂ\. 2 (] o o

Time His’forg) Homan Pet Controlled Flighf on Glide SloPe)

Sg.sfem 1-a



BEEEL SA0 ENS'FIZL VI A'TS

0, ‘.5»']1_‘;410 il 05 20 25 | 30 . 35 . 40 45
- ' > - - - A < F

T e ey ' ==
A Tine = deconds

Time H[sfot‘j) Human Pilof Confrolled F(in‘ on Glide S‘of)€)
System 1-b



,,.M,i,f4 »M«m.“Awa.m. S ¢ ,,W T w_ i n
— 1+I? bt iim = e N IR e S . ;e —— =
“”.T;L.Ir‘. wﬁ 2 — L,\,_ i m %lT\ A
A e = i s ——— + e
o T S 7 O T B R O P
| (TN | = vl LL]] _",,_: ) DL
O ONETNR e INREEN i 1
1 0 T T ST S P L
O T e I T =i
HUNENNEE RN W =7 . T IV
ENEEE N SRVENEE 1 [ %+ |
R (e S e i i i R poeet
LT M WA »T_rb B - b
_/h_ L I { _ 5,,./,~ L,ww ITII/AW. I
T T e o £ TN BEERS TRE
L T 1z [N ! L1
[N | fi | e ! [ [l
AL TP o2 L1 A,
e v,v I SS A
| i vwl ] L L r-L!L L
Ll ' {0 m i AR 2 L_ . (Rl S __v %llir
” ,,dﬁ M_H” <,FW,, l”|r¥ ! | ;A T LBLE
o T o "
1112\_“. ! Lo 1 { IF |
A S ~
| 1] - ol T - | .
T;\l_ , : Ll (] ‘w_m.
,w,\nxA j il [ ol g
yf 1 bl Tk _ .',,ﬁw,, ALY Yl
1 T & b - e
3 - 4 I i
:% | S T — s
sl R S AL B, IBLED ﬂral L
AL [ I DER R AR |SHAFE ,,U, L L s
; i D 8
f+|TTTWT.NEIﬂ|.IT = T I A VIR
. 4 g et .__lT.”, i 4 ! t A., 0__ P! 1. F,.m__\a - ﬁr\A ,T|
: 24 — y .W»L’P# [ PR A“ ﬁun \,* | &., I £5.58
] Tl = _ T+ T 1 T 7T ,__ " N T

— - — Aﬁ,; L — — T s MJ._J_

i ! . | / il TN ] I | |
—t— T o MNM\“ _ +— ﬁLR“" // i R o
o i e ST S B SO RS, DA _,M S I e O | - I

e PR RE NS Ry AENE — - SETE R ETES LD SEENT AR i
f ,\» L * ..w:,.!u L_vJ,\W“, ,k,m,, L L] __ﬁ;\\ “,K,q", Ll
I e (PPt T Ve L0 IPET R T T (A (N | Sy RN ERE T TS S
AN EESERY (I T T Tl S [ (o (T T
BB IN BN IR | 10 e e o) W TR NI LY 2 i AN 1
Lﬁll,rLl.l.ff ;_ ” _,TN ; [ Wr;.“m /_/ ”w./v. " =
CN STy | F + - ; | i P
T EEEERL T T Ty e T T T s T

yu AN WA , | P R

e r T , . N ‘ TR ! .

T T TR T ] T |

I WO A T T S B Y ) 7 T N
T R f Pl _ \ { I TN " !
I PSSV A I T B TR T \ | ] _
N A LA i | [ X | 0
IR R TS | % Ina ﬁ N N b
e _caen - @ ) H =

,.Mu| o! L RYn linP aqill [ DA Y X T VN T Y T i i

o ¥ ¥ g S .8 S = g 9
Vo M ar ] ~

Time. His""omj, Human Pilot Contralled Fflghf' on Glide Slope ,

Sjsfcm c .



e W TN EEE ri e
N IR INEEEERT RN B ANV
i, L] / el mt, T L
\TL ul ;l_LTl ,ﬁ : R LA |
T T 4 i i 2 =8 —— H o
| e AR R e e
[T L] __41 N = A AR
| I 1 WL 11 114
| 1 o
_ : + _ i = ! | T
| — , 4 5 -6 e
R ] INN R A N
- 1 3 AM.LI.
ERE « ¢ l=
| L 3 //l hd
N Al T Tolass = 1 -
LY _ g \ :

_A{II_, _ Ly | .«J«TF
S _ Lz L =
L I z I .

[N & e / |
L3 AT {
! K i
# I ﬁ e

I O

BRUSII INSTRUMIINTS

{8

P y=stef==t"1

COPYRIGHT 941

N

N
B

1O

[ | S G | |

— A -

1=t

57

o -

AT

1

R <) -
Ve
S

+2.86

1286

o

o[ ALY T T

System 1-a

Tm\e. His‘forg) Human Pilof‘ Con"frol/ed F‘:jhf' on G“Je_ Slope’ 5)‘r1u301'c§al
Gost
)

InPu+ of 5 Knots Horizontal



1286+ | L]

281 2oL i.ﬁ_f’...

(M0 181,280 1 |261 130 _ 35

I 5 i o Lid bk
ot Jime ~ Seconds

win

SEEREECY

Time Hisfomj) Human Pilot Controlled Fl[ﬂkf on Glide Slope,
Sinusoidal Inpu'f of 5 Knofs Horizonl| Gust, Scjs‘fem 1-b




[ifT4

Q

+20C; E_
]

4y
2L

230

5174
Y

Time, His'l’oraj, Human Prlot Con¥wslled Fh’ghf on Glide Slope,

Sinusoidal Input of § Knots Horizontal Gust, System 2.



Fig. 33

-’I;MC, Hisfotl\j) Human ﬁ'lo'l' Con‘fro”et! Fllgl’lr On G“c’& SIOP(’.)
Sinusoidal In‘ov‘l‘ of 5 Knols Hovizonlal Gus'f') Without~ Avto-Thestfle.



it JALIL
Q kts o ' ' TEe—— o———— — — - 4
"‘278: e L b

les %A_/ i f— u L i i

~3000 P |
L }
o “'l.l:b" 3
§ ol o !
e A4
~0.45 - _

8’ __e___.____..—-—m—u_i__ [ S e
-{4.3... e
o 5 10 15 20 25 30

Time - Seconds
Time. HiSTorﬂ ) Knots Horizontal Gost IhPUT,
Anti -Thrust  System




113

+2.73 +27.}a__\ _
Uws, © N T e
A/ /

+]0,0004

+5053
The =8 . A1 e G i e
'bs. - So00 5 5
Fomd

i

0}

/13
o
tt —o — —
-3
t t 1 i + +
o 5 ] 5 20 25 30

Time ~ Seconds

F’S 35
Time. Hl'sforj) 5 Knotls 5fet3 Horizontal Gust I'npuf') Anti -

Thrust Sss'f'em with Changed Gain “onstants



BIRLIOGRAFHY

Drinkwater, Fred J. III, George L. Cooper and Maurice D, Whiie,

An Evaluation of the Faciors Waich Influence tre Seleciion cf

Approach Speeds, Advisory Group for Aercractical Rezearch ard

Development, Report 250 . Octoher, 18E¢

Lean, D., and R. Eaton, The influence o Drag Charauierist
on the Choice of Landing Approach Spesd !
Aeronautical Research and Dev elow at

-
S

, Advisory Sroup for
e

apor 122, May, 1257

Anon,, Dynamic Stability of an Alrplane in Streiunt Flight with
Plane of Symmetry Vertical, Roval Aercnauticel Soclety, Alrerass

00.00.02, July, 1947.

Anon, , Model F8U-2N Airplane Landing Contiguration Deta,
Chance Vought Corporaticr, Division c¢f Ling-Temca-Vougat
Inc., Report 2-53300,/2L2048, September, L%?.

Richards, D. B., Approach Power Control System - T80,

Specialties, Inc., 1tr of 4 September, 1960,

Anon., Comparison of’ Two Automatle Throttle Controllers for
F8U-2NE Aircratt, U, 8. Navel Ailr Development Ce rr-‘f ) Ez 51

neering Developnnem Lakoratory Repors No. NADC-ED-- 4%
30 November, 1355,

he



APPENDIX I
Derivation of Transfer Functions
The dimensional derivatives shown in Table I were usea to calculate
the analytic transfer functions. Calculated values of these uerivatives
using F8 data, are shown in Table II.

The longitudinal Equations of Motion written in Matrix Laplace Form

are (neglecting negligible terms);

2-Xe “Xo *9 w(a) O Kar\ [de
2. 4-Zw «V Yt |=(Z. ©
"Mu ~aMitM) 4”-1\134 G(») Mse Mat/ |47,

The Transfer function (f—g) Airframe then can be wriiten as
(in determinant form):
O K 9
zée 4-Xuw -3V
. 2
M‘;L ’@Mw"‘”w} 4 'M%A\ Nu“

——

D, - D

Where D = determinant of tomogeneous equations
Expanded D, = A 4* +B4" + (a® +Da + E
Where A = 1
B=-(Mg +Xu *Z0r +UoMur)
C= Mgu, ~UsMusXu (Mg +2urtUs Mir) =X s Ze
D = YoM VoMM U XM X, 2, 7 g (Mi B M)
E= 9(MuZw~ Mu?)

=
-
t /



Expanded Nu = Bua® + Cua +Du

Where Bu= Z. Xur
Gu= Zye ( gMir+Mg W) +Mge (U Ko =)
pu= G(MseZiw Mo Zse)

Substituting values for these derlvatives

__‘*S:) _ Al 4ty 4504 +85.2] L Ne
Je Airframe A%+ BLSat+11.5294% +.6964 + 414 D)

By a similar procedure,

(&) _ —p. 504+, 21554 +.00568]

Se Alrframe D
(Positive elevator deflection is down)

AY Jpvtrame.

Xar X +9
O 4-Fuw -4 Uo
Mar (@M +Mus) 4> Mg

D
Expanded:
' (.9.:.) - Arad +Bra? +Cra +Dr
AT Jivframe

D

The determinant for calculating (i"—) can e wiitten as

Where

A= Xar

By~ Kar] 2o +Mg |+ Uo M-

Cr = Xar[2uMy-UoMr] + Mar[Ue Xur 9]
Dp= Mar 9 Zur

After substituting in values:
_g._) 00145 [+ 80494 +1].574 T.0430]

AT ) Mrtrome Dy

55




APPENDIX —I
TABLE I-A
LCNGITUDINAL DIMENSIONAL STABILITY DERIVATIVE
PARAMETERS
(STABILITY AXIS SYSTEM)

N TZRLIS OF BASIC STABILITY DERIVATIVES

IN TERMS OF NON-

- DIMENSIONAL
QUANTITY DIMENSIONAL NON-DIMENSIONAL STABILITY DERIVATIVE
DPARAMETERS
DEFINITIONS UNIT
Xy "é;%?x ;‘c -e—sng {-Cpo-Coy) = = Xu
1 X 1 oY (o . .-
X, e o 2 (C-Coy) X
2
-1 2 . LN ¢ U
Xsg n B¢ sec?rad 2n D") ' r
1 52 : 1 o e el
- > " . b e & ( c.-c.,) r =
?
7 -2 2 el . -¢, - -1
z' I,Iz' ; secC %’ ( C" CD) T z‘
.1 27 1 -85 P -
Z X 1 4n ( cha) 70 2
afl 94 . 4 2 o oSUe -C
Zq é %q sec-rad 4m ( ‘e 7 A
o\ L, -1 &R (e ) U2
zl' o g sec?rad 2m "'-' r
Al 1 . 23¢ . % a
H, - ix; Tl.ll sec-{t iy (C- C.‘) =2
« .L l"-‘ 1 = Qg’E C -L ]
i Iy 2 sec-ft 21, fa "
1 1 . £sel - s
K, "1 T 7 &:ch' Coy 7 O
12 1 L oue? ¢ lg
“c 'l—; %q sec rad a1, " =
>t 1 - ;SU:C c U me
B, .rl; bep sec’rad aqy7 e =N

639




APPENDIX - 1

TaoLy J-B

LONGITUDINAL NON-DIMENSIONAL STABILITY DER!VATIVES

(STABILITY AXIS SYSTEM)

BASIC NON-DIVMENSIONAL STABILITY DERIVATIVES NON-DIMENSIONAL
TOTAL AIRFRAME THEORETICAL HORIZONTAL . STADILITY DERIVATIVE
DEFINITIONS UNIT TAIL CONTRIBUTICN PARAMETERS
. BRAG L
Cs qS 1
’ 3C,
u 0 1 v (-C.~
G, 7 50 3 "o GG )
2Cy 1 x,. L
» 0 - o (Ch @
€97 Ta rad 2( L Cop)
3Cy 1 x =1
Cos " 3%, rad 1y Cop,
. Lift A
o qS 1
- U M‘

c(.. .2— "a—l". + 7u * ('CL'CL.)
opat ! . M Du ) 2 -l -
CL‘ 3n ad [c(.a]u CLa" a5 (‘ au) L T( c(.a Cp)

b.1od 8,1
ol A c 1. )¢ n Tn o 3¢ r.=<l ¢
b a rad [L' g a 8 22 "y Y
& (55) a), e a
3c, 1 G Sy Ly z.-2l¢
t " SE) Fad [CL] "Fa, W S o IR
* (%) e
dc a, S, %4,
Eihchi 'S =L oL R Bt | zg..-L¢
c"l‘ 38, rad C La, @ S 2, fp 20“..
.M 1
Ce Se 1
2
e .vx | oa AT RN
L™ 2 U 1 y!
2
C, 1 e C fh o db (_g_) C
CRRR- L [c_a] c[“a] - 7 (i) Cea
- %]
=0 L AR w4 (&) o
"a 3(9‘3) = afy ¢ bt [ R\ 5y
26, 1 ’
- 1 H LI .- C
= BRI 4 (8]
aC t N AAY
¢, 1 Y s - (e
c'l, 28, rod 4 "5y c Uy 5: 2 \ky] te
3




Appendix T Table AL
Dm\ensnonal ST&E}//TL&. Derivetives

Mg SUSC2Cny = 208 (11.78)*(-4.5) — _ 33g
4'-7:3“1 4 ( 94, 0 0o) socﬂed

M= €S Cma = Q378000 BISYUINCSS)_ - pooirés 1
G, (%) ( 96, v00) 7

= OUSc ¢ = (208)(1.78)(~380) . — —
i 3; i (2) ( 9¢ ¢00) - 8‘5—5«-?*
Mo §’US< (Ch,uch) (208)U1.78)(.0074) _ pool89 _1__
Lyy 96,000 Sec-f+
w =SUS (-(.-G) = (208) (~2.598-197)= - 426 _L
- = Ly D) ‘__—:)_(6(?3 Sec
=_§’;{n.§ (GG = 2%3) (=870) = —.265 1
Xu :%S<’CDU‘CJ)) = 228 (—137" = —.080 L
Xwr = SUS (C-Cox) = 208 (.870-343) = — 01415 L
Zm f(ggg) Sec
Cm =-Grgr =(195)(.437) = . 00723
c 1. 78
= ﬂf‘ =5.105)75)(3897) _
stQSC oy, =L65.0(375)(128) sl e Pl
2Ly (96,000 =
Xar= Cos (§4%.) = ool4s5 4+
T Sert /g
Mar = -Z; = ~4 .55 #fo™% 1

e

T‘J] sect 4



APPENDIX II
DYNAMIC STABILITY FORTRAN PROGRAM

Longitudinal - Program LONGSTAB

This program, once entered with required airplane parameters,
computes the longitudinal stick fixed and/or stick free (when pertinent)
stability derivatives, and the corresponding stability equation coeffi-
cients. It then solves these equations for roots, periods, and times to
damp to 1/2 amplitude for both the phugoid and short period modes. In
addition the value of Routh's discriminant is determined. The sequence
of computations can be repeated for as many different flight regimes as
desired.

There are a total of five data cards required for the stick-fixed
only solutions, with an additional two cards required for a stick-free
soluti-on. Thus for a combination stick-fixed and free solution, there
will be a total of seven data cards required for each flight regime
desired.

The initial data card controls the types of solutions desired
(stick-fixed, free, or both), and the number of consecutive runs to be
made., A list of program symbols with their meanings appear in Table I
to this Appendix.

The second card contains an alpha-numeric run identification or
an arbitrary title.

The third card is the first of the general input data cards. This

card should have entered on it
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St(tail area), Sw(wing area), cLoct' TL tail’ Sp (body area), lB
(body length), S’ , glacceleration).
The parameters are entered eight to a card, each being allowed 10
columns. There are 80 columns on each card. Each parameter may
be entered anywhere in its assigned ten columns, but must have a
decimal point included in it. This same format is followed for each
of the succeeding cards.

The fourth card should have the following aircraft parameters

entered on it:

&
X

3 . T ) o 2 o
c.g. to thrust line, ft.); Ct (coefficient of thrust); lex : Iyy (slug ft~.):

W (aircraft weight, lbs.); ¢ @, in degrees: h, (distance from

V (forward velocity ft./sec.).
The fifth card should have the following:

Cp: CLog" €A ; C ; ¢ (wing chord); 1, (c.g. to a.c. tail, ft.);

I, wing
Xc.g. (x distance of c.g., ft.); XAC (x distance of wing a.c. in ft.).

Cards 2 through 5 are repeated for each different run, stick fixed.
If it is desired to compute a stick free solution simultaneously, then
two additional data cards (6 and 7) are required for each run.

Card 6 contains the following parameters:

Crp (tail chord, ft.); KZ (radius of gyration, squared); g ; Bl; B.:

2 By

Zn P 2n_

Card 7 contains the following parameters:

. - . o 2
my ; Mmy mg (mass elevator, slugs): Se (area elevator, ft%).

7]



Thus for one aircraft flight regime (say Sea Level, Mach 0.6),
for both stick fixed and free, there would be required data cards
1 through 7. For each succeeding run, cards 2 through 7 would have
to be repeated with the new parameters entered. Card one would have
to be suitably prepared to reflect the total number of runs and mode of
runs desired. See Fig. 1 this Appendix for sample data cards. Note
the first card is of format 13 for the number of runs, and Il for mode of
operation. All other data cards are of 8F10.0 format {each card holds
8 fields of 10 columns, each, one data rf;umber to be entered per field,
in floating point format; i.e., with a decimal point somewhere in the
number.)

The program prints out the calculated stability derivatives as

well as the computed solutions to equations.
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TABLE I

PROGRAM SYMBOLS AND MEANINGS

Program LONGSTAB

Program

mnenonic Meaning

NOS Number of runs to be made. I3 format. card 1
MODE Decision stick fixed (1), or stick free (2). Il. card 1
ST S;, tail area. card 3.

SwW Sw' wing area. card 3.

CLALFAT CLb(T , Tail lift curve slope. card 3.
ETATAIL N+ . Tail efficiency, CL/CL‘ card 3.

SB Sg. Body area  card 3.

BL lB” Body length card 3.

RHO e , Atmospheric density, card 3.

G g, Acceleration due to gravity. card 3.

w w, aircraft weight. card 4.

EPSALFA %& card 4.

THETA1 O, . initial angle of pitch, degrees. card 4.
YH h, distance from c.g. to thrust line. card 4.
CT C,. coefficient of thrust. card 4.

CMALFA me , per radian. card 4.

YI Iyy’ moment of inertia. card 4.

v V, forward velocity, ft./sec. card 4.
CSUED CD" coefficient of drag. card 5.
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CLALFA

EPIA

CSUBL

TL

XCG

XAC

CTAIL

XKE

UE

Bl

B2

B2PRIME

ZETA

ZETADOT

AMETA

AMETADT

XME

SE

Clm , winglift curve slope. card 5.

eTA, card 5.

CL Wing" card 5.

c, wing chord. card 5.

lt' c.g. toa.c. tail. card 5.
xc.g. ., X distance of c.g. card 5.
Xy o0 X distance of wing a.c. card 5.
Ct’ Tail chord. card 6.

kg, radius of gyration squared. card 6.
e ., relative elevator density. card 6.
B., C card 06,

1" “hxr

Bz, Ch{Q card 6.

B, 1/2 Chge card 6.

})L , card 6.

}-;L, card 6.

M)L, Card 7.

s, card 7.

i

me, mass elevator. card 7.

Se, area elevator. card 7.
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APPENDIX II
SYSTEM MECHANIZ ATION FOR THE ANALOG COMPUTER

Fig. 1 to this Appendix displays the analog schematic for the
equations of motion of the airframe. Fig. 2 includes the schematic
for the System | auto-throttle, aircrait engine, and stick system
dynamics simulations. Fla. 3 shows the System 2 auto-tnrottle
schematic.

Table I lists the poteniiometer settings for ail systems.
Table II lists the scale factors used in computing these se*rings.

Table III describes the calculations used in arriving at these values .
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SCALE FACTORS

Scale Factor
Yo =
Xpg =
My =
Ypy =
AL =
Mg =
Xr-

NTCS. =
v =

X1z =

Upyer =
Korce =
Xorec3y =

Xay =
OArer =
uT(.Pllaf =
X F

XF3 =
XDF3 =

up.fof’ F

TABLE {1

Value
.00% radizns/volt

- 2 Lo
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o
[ab)
(&)
o
<

it

i

c 2% of ‘J'O

USED IN ANALOG SIMULATION

= ,286 dearees/volt

.28% degrees, vol

L

5 degrees/voLt

it = 288 de jyrees, rolt

o 2
= , 472 Kussyolt

Sgo . , - 1Y = LA
LO0% radizns,wolt = 1135 dearees,” ols

200 Lhs/volt

2~ 4 . .
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A S £ &
20 ez any - gee — YOl
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';‘(\ ; O v . =~ < 1»‘)
SRS S IRENE = SeC = YO

’ 2

- " - - ¥
S0 Lrnracdinns - sec” ~ volr

,

Svstem 1, 29 lhs /voli tor Systen



O = .2Bf% dearees/olt

Xany = .02 g/volt
0(1_:4__ = .01 ft/ft/sec ~ volt
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AT = 1 Ky AX KavAV N KxA_D(j
I+ 04 L 1 +.54 I+ A
where AV = (BN ‘—‘i;%,)

J
ANg = change of normal acceleraTion 9

%, = reference angle of affack

Lonjffuclmal Cbhﬁrol gjsfelm Djhavn'lcs) L[neawzec/

Stek 1-( ) Vaviable |
Force : Gein
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{

Je
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Mma*+ ba + K l+ T
Fee| System Power Contrdl
~ %

= de
LA | |_Alrframe |
F ] "
Na “de
Ay Freme

Variable Gain = 3°A"e/iml-\ Stick

m = 0388 [b,sec? /inch

iy 31

/1.5 sec
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K 3
T
~
F

%
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v

b = 1.9 16, /inch shek /sec
20 b,/ 1nch
n

stiek

9.27 lbs fvad /sec*
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